Abstract An often used assumption in air pollution studies is a well-mixed boundary layer (BL), where pollutants are evenly distributed. Because of the difficulty in obtaining vertically resolved measurements, the validity of the assumption has not been thoroughly evaluated. In this study, we use more than 200 vertical profiles observed in the Deriving Information on Surface Conditions from Column and Vertically Resolved Observations Relevant to Air Quality (DISCOVER-AQ) aircraft campaign in July 2011 to examine the vertical distributions of pollutants over the Washington-Baltimore area. While many long-lived species are well mixed in daytime, the observed average vertical profile of NO x shows a large negative gradient with increasing altitude in the BL. Our analysis suggests that the magnitude of the NO x gradient is highly sensitive to atmospheric stability. We investigate how parameterizations of the BL and land-surface processes impact vertical profiles in a 1-D chemical transport model, using three BL schemes (Asymmetric Convective Model version 2 (ACM2), Yonsei University (YSU), and Mellor-Yamada-Janjic (MYJ)) and two land-surface schemes (Noah and Rapid Update Cycle (RUC)). The model reasonably reproduces the median vertical profiles of NO x under different BL stability conditions within 30% of observations, classified based on potential temperature gradient and BL height. Comparisons with NO x observations for individual vertical profiles reveal that while YSU performs better in the turbulent and deep BL case, in general, ACM2 (RMSE = 2.0 ppbv) outperforms YSU (RMSE = 2.5 ppbv) and MYJ (RMSE = 2.2 ppbv). Results also indicate that the land-surface schemes in the Weather Research and Forecasting (WRF) model have a small impact on the NO x gradient. Using model simulations, we analyze the impact of BL NO x gradient on the calculation of the ozone production rate and satellite NO 2 retrieval. We show that using surface measurements and the well-mixed BL assumption causes a~45% high bias in the estimated BL ozone production rate and that the variability of NO 2 vertical profiles is responsible for 5-10% variability in the retrieved NO 2 tropospheric vertical columns.
Introduction
The lowest part of atmosphere is directly influenced by diurnal heat, moisture, or momentum transfer to or from the surface and thus is referred to as the boundary layer (BL). The vertical distribution of air pollutants in the boundary layer is a complex function of emissions, advection, chemistry, and turbulent mixing. Based on the reasoning that vigorous turbulent mixing in the BL is much faster than chemical loss for many species of interest, air pollution studies often assume a well-mixed BL, where pollutants are evenly distributed. This assumption enables researchers to infer average conditions in the BL from surface observations [e.g., Petritoli et al., 2004; Fiedler et al., 2005; Leigh et al., 2007; Lee-Taylor et al., 2011; de Arellano et al., 2011; Knepp et al., 2013] and thus greatly extends the use of surface measurements. This assumption readily works as a first-order approximation for long-lived species such as carbon monoxide and ethane but is invalid for very reactive species such as isoprene. However, for moderately reactive species which has a chemical lifetime comparable to the BL mixing time scale, the validity of the well-mixed BL assumption over emission regions and its implications have not been evaluated. Seinfeld, 1983] , and secondary organic aerosol [e.g., Ng et al., 2007] . Previous studies find quite substantial differences in vertical profiles of NO x among 3-D model simulations [Huijnen et al., 2010; Russell et al., 2011; Boersma et al., 2011] . Loss of NO x through formation of nitric acid and organic nitrates results in a NO x chemical lifetime of several hours in daytime during the summer, which is comparable to the BL mixing time scale, indicating that the vertical distribution of NO x may be sensitive to the relative importance between chemical loss and turbulent mixing. Inadequate knowledge of the vertical distributions of NO x can lead to biases in a variety of calculations, for example, the calculation of the BL-averaged ozone production rate [Liu et al., 2012a] and satellite NO 2 retrieval [Boersma et al., 2004; Gu et al., 2014] .
In this work, we will use aircraft measurements from the NASA Earth Venture campaign in July 2011, Deriving Information on Surface Conditions from Column and Vertically Resolved Observations Relevant to Air Quality (DISCOVER-AQ 2011) , to investigate the factors regulating the vertical profile of NO x . Previous aircraft campaigns (e.g., INTEX-A, INTEX-NA, and NEAQS) have reported a large gradient of NO x between the BL and free troposphere over the polluted continent [Martin et al., 2006; Singh et al., 2007; Bousserez et al., 2007; Zhao et al., 2009a; Boersma et al., 2011] . However, because these aircraft campaigns aimed at sampling the whole troposphere over vast regions, the data from these campaigns cannot be used to resolve the vertical distribution of NO x within the BL. DISCOVER-AQ is unique in that the BL and lower free troposphere were systematically sampled to obtain a large data set of vertical profiles of trace gases and aerosols and that the horizontal gradient confounding the interpretation of aircraft measurements was also reduced by spiral profiling.
The remainder of the paper proceeds as follows. Section 2.1 describes the observational data collected during DISCOVER-AQ 2011. To gain insight into how BL conditions impact the vertical profile of NO x , we classify the observed vertical profiles based on BL height and potential temperature gradient in section 2.2. Section 2.3 describes the setup of the 1-D Regional chEmical trAnsport Model (1-D REAM). Sections 2.4 and 2.5 describe the calculation of model diagnostics and NO 2 air mass factor, respectively. In section 3.1, we present modeling results and comparisons with observations, based on the profile classification presented in section 2.2. We then explore the sensitivity of the NO x vertical profile to BL stability in section 3.2. To characterize the uncertainty in the modeling analysis, we analyze in section 3.3 the impact of BL and land-surface parameterizations on the vertical profiles of NO x . In sections 3.4 and 3.5, we quantitatively assess the influence of the BL NO x gradient on the calculation of the BL-averaged ozone production rate and tropospheric NO 2 column retrieval, respectively. Finally, in section 4, we summarize our findings.
Data and Model

DISCOVER-AQ Data
During DISCOVER-AQ 2011, 14 research flights using the NASA P-3B aircraft took place around the WashingtonBaltimore region (see the online data archive http://www-air.larc.nasa.gov/missions/discover-aq/discover-aq. html for the detailed description of the research flights). By performing spiral profiling over six surface sites and occasionally over the Chesapeake Bay ( Figure S1 in the supporting information), extensive measurements were made in the BL and the lower free troposphere, providing a total of 253 daytime vertical profiles of various species from~300 m to 5 km. To calculate these vertical profiles, raw measurements of each spiral flight are binned and averaged based on the model vertical levels in part to remove the fine-scale horizontal variation that cannot be simulated in a 1-D model. NO, NO 2 , and ozone were measured by the National Center for Atmospheric Research 4-channel chemiluminescence instrument [Brent et al., 2013] . Formaldehyde was measured by a difference frequency generation absorption spectrometer [Weibring et al., 2010] . Volatile organic compounds, including isoprene, toluene, and xylene, were measured using a proton-transfer-reaction mass spectrometer [Lindinger et al., 1998 ]. CO was measured by a diode laser spectrometer [Sachse et al., 1987] . The uncertainties of the measurements are about 10% for NO, 15% for NO 2 , 5% for ozone, 4% for formaldehyde, 2% or 2 ppbv for CO, and 10% for volatile organic compounds, respectively (Table S1 ).
Classification of Vertical Profiles
To investigate the impact of turbulent mixing on the vertical profile of NO x , we classify over 200 vertical profiles based on BL height and stability. The BL height is determined as the height where the potential temperature gradient is larger than 5 K/km [Heffter, 1980] . We classify a vertical profile as "deep," "medium," or "shallow" if
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the BL height is higher than 1 km, between 0.5 km and 1 km, or lower than 0.5 km, respectively. To characterize the stability of the BL, we calculate the average linear potential temperature gradient within the BL (∂θ/∂z). We classify a vertical profile as "turbulent," "neutral," or "stable" if ∂θ/∂z in the BL is less than 0.1 K/km, between 0.1 K/km and 1 K/km, or greater than 1 K/km, respectively. Note that our definitions of turbulent, neutral, or stable BL are different from conventional ones, in which unstable, neutral, or stable BL is usually defined as ∂θ/∂z less than, equal to, or greater than 0 K/km, respectively. Our definition is designed based on the DISCOVER-AQ 2011 data to reflect the nonlinear scale observed in the relationship between the BL NO x vertical gradient and BL stability during the campaign (see discussions in section 3.2). It is also noteworthy that DISCOVER-AQ 2011 conducted in the daytime of summer represents a relatively turbulent BL. The stable case referred here is relative to the other less stable cases during the campaign. The largest ∂θ/∂z in the BL observed during the campaign is~1.6 K/km. It is not uncommon to observe a greater BL ∂θ/∂z, for example, in a temperature inversion BL. It will be interesting if future analysis can include more data to resolve a complete spectrum of boundary layer stability. Table 1 shows a summary of profile classification. Because our algorithm cannot identify the BL height for some of the vertical profiles, the total count of classified profiles is 209. The vertical profiles in DISCOVER-AQ 2011 distribute unevenly among the categories. The dominant category is "deep and neutral" (123 profiles), accounting for more than half of all classified vertical profiles. Following deep and neutral are categories "deep and turbulent" (40 profiles), "medium and neutral" (24 profiles), "shallow and stable" (12 profiles), and "medium and stable" (7 profiles). As expected, the two dimensions, BL height and BL stability, overlap to a large extent, and no profile falls in the categories "deep and stable," "medium and turbulent," "shallow and turbulent," and "shallow and neutral." Therefore, we exclude these four categories in our discussion. Because shallow and stable and medium and stable categories show similar vertical profiles and the profile numbers are relatively low, we also merge these two groups into the category stable so as to simplify our discussion. Table 2 summarizes the distribution of profile categories among the time of the day and among surface sites. As a result of the sampling design, the classified vertical profiles are more frequent toward midday (10:00-14:00 LT) than late afternoon (14:00-18:00 LT) and early morning (6:00-10:00 LT). On the other hand, the distributions of classified vertical profiles are similar among various sites, except for Chesapeake Bay and Beltsville. The underrepresentation of the Beltsville site is partly due to air traffic control, which leads to difficulty in identifying the BL height from inadequate vertical sampling. Because of the cooler water surface relative to land at daytime, the BL over the Chesapeake Bay tends to be more shallow and stable. The similar category distributions of vertical profiles among land sites reflect homogeneity of BL conditions over the region. Table 2 also shows that deep and turbulent and deep and neutral cases are more frequent, and stable cases are less frequent in midday and late afternoon than in early morning. However, it is noteworthy that we also find a few deep and turbulent and deep and neutral cases in the morning and a few stable cases in the afternoon. We also summarize in Table S2 in the supporting information the distribution of profile categories with respect to the flights, which depends on the day-to-day variation of BL mixing as well as the aircraft sampling design (e.g., time of the day).
1-D REAM Model
In this work, we will use the one-dimensional version of the Regional chEmical trAnsport Model (1-D REAM) to analyze the vertical profile of NO x during DISCOVER-AQ 2011. The 1-D REAM has been applied in studies on urban photochemistry in China [Liu et al., 2010 [Liu et al., , 2012a [Liu et al., , 2014 , polar photochemistry at the South Pole [Wang et al., 2007] , and marine chemistry over the tropical Pacific [Gray et al., 2011; Zhang et al., 2014] . The 1-D REAM is a column chemical transport model that has 30 vertical layers in the troposphere, with 15 layers below 2000 m (centered at~15, 40, 70, 120, 170, 210, 290, 370, 500, 650, 850, 1050, 1250, 1450, and 1700 m) . The 1-D REAM inherits relevant modules for photochemistry, convective transport, vertical diffusion, and wet/dry deposition from the original 3-D REAM [Choi et al., 2005 [Choi et al., , 2008a [Choi et al., , 2008b Zhao and Wang, 2009; Zhao et al., 2009a Zhao et al., , 2009b Yang et al., 2010; Zhao et al., 2010; Liu et al., 2012b; Gu et al., 2013 Gu et al., , 2014 . Chemical kinetics data are updated following the latest compilation by Sander et al. [2011] , with expansion on volatile organic compound (VOC) chemistry [Liu et al., 2010] . Meteorological parameters (e.g., water vapor concentrations, temperature, pressure, and the diffusion coefficient) are obtained from WRF-assimilated meteorological fields constrained by the Climate Forecast System Reanalysis data. Photolysis rates are dependent on cloud fraction and optical depth calculated based on WRF meteorological fields [Choi et al., 2008a] . To achieve a quasi steady state, we run the 1-D REAM with a 1 min time step for 20 simulation days with
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repeated diurnal meteorological fields in the day of the observation. Only the results from the last day are used for analysis.
The 1-D REAM is constrained with measurements from DISCOVER-AQ 2011. We specify surface-emitted species, including NO, NO 2 , aromatics, and isoprene, with observations at the lowest altitude of aircraft measurements (~300 m). For the practical purpose of 1-D modeling, these values are also assigned to model layers below that because of a lack of reliable observations below~300 m. However, all analysis results presented in this work are above 300 m. Since a 1-D column model does not simulate advection, which can be significant for the species with relatively long lifetimes such as O 3 and CO, we constrain the model with the measured O 3 and CO ( Figure To investigate how the parameterizations of the BL and land-surface processes impact the simulation, we test three BL schemes, Asymmetric Convective Model version 2 (ACM2) [Pleim, 2007] , Yonsei University (YSU) [Hong et al., 2006] , and Mellor-Yamada-Janjic (MYJ) [Mellor and Yamada, 1982; Janjić, 1990] and two landsurface schemes, Noah and RUC, in the WRF model. For MYJ and YSU, we use a local turbulent diffusion scheme to do the vertical mixing. Although YSU includes nonlocal terms in its formulation, the local turbulent diffusion scheme is used because of the lack of a consistent treatment for meteorological parameters and chemical tracers [Pleim, 2011] . For the hybrid local and nonlocal scheme ACM2, we implement the vertical transport scheme following Pleim [2007] . For comparison purposes, the sensitivity tests of BL schemes use only the Noah land-surface scheme and the sensitivity tests of land-surface schemes use only the MYJ BL scheme. Section 3.3 summarizes and compares the performance of these BL and land-surface schemes.
Model Diagnostics
To investigate the factors controlling the vertical profile, we compute chemical lifetime (τ c ) and turbulent mixing time (τ m ) using model results. τ c varies from species to species and is calculated as a The predominant category in DISCOVER-AQ 2011 is deep and neutral, which shows a strong sensitivity of the NO x gradient to BL stability. Journal of Geophysical Research: Atmospheres
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[X] is modeled concentration of species X and L x the chemical loss rate of X. For example, L NOx includes NO x loss to nitric acid (HNO 3 ), peroxyacetyl nitrate, and other organic nitrates. The uncertainty of the τ c estimate reflects the uncertainties of kinetics rate constants and model estimated reactants such as OH and peroxyacetyl radicals. On the other side, τ m is independent of the species in question and is defined as the time that a model layer takes to accumulate the concentration of an inert gas to 1/e of the first layer, given a fixed concentration in the first layer and zero initial concentrations in the rest of model layers. We use a simplified 1-D model with only vertical turbulent transport driven by the WRF-generated vertical turbulent diffusivity to calculate τ m .
Using the simulated concentrations of NO, HO 2 , and various peroxy radicals (RO 2 ), we diagnose the vertical profile of the ozone production rate and derive the BL-averaged ozone production rate. The ozone production rate, P(O 3 ) i , is calculate as
where i denotes the model layer, j denotes the numbering of RO 2 , k 0,i is the rate constant for the NO + HO 2 reaction, k j;i is the rate constant for a specific NO + RO 2 reaction, and [NO] i , [HO 2 ] i , and RO 2 ½ j;i are concentrations for NO, HO 2 , and various RO 2 radicals. RO 2 includes CH 3 O 2 and other organic proxy radicals derived from oxidation of alkanes, alkenes, aromatics, and isoprene. The BL-averaged ozone production rate, denoted as P(O 3 ) BL , is calculated as the average of the ozone production rate in each layer within the BL weighted with the layer thickness
where h i is the thickness of layer i, k BLB is the lowest model layer with aircraft observations (i.e.,~300 m), k BLT is the model layer that encloses the BL top, and h BL is the thickness between the BL top and the lowest model layer with aircraft observations. We also compute the vertical profile of the net ozone production rate (N(O 3 ) = P(O 3 ) À L(O 3 )) and the BL-averaged net ozone formation rate
2.5. Calculation of the NO 2 Air Mass Factor
The air mass factor (AMF), defined as the ratio of the slant column (photon path from the sun to the satellite) observed by a satellite to the vertical column to be retrieved, is a key quantity in retrieving the NO 2 tropospheric column [Boersma et al., 2011] . In addition to satellite measurement error, the AMF calculation constitutes an important source of retrieval error [Boersma et al., 2004] . Studies have shown that uncertainties in NO 2 a priori profile shape lead to biases in the AMF [Boersma et al., 2004 [Boersma et al., , 2011 . Journal of Geophysical Research: Atmospheres
The AMF is calculated as an average of altitude-dependent AMFs weighted by a prescribed NO 2 vertical profile, following the equation
where amf h is the altitude-dependent AMF that describes the sensitivity to NO 2 at altitude h and c h is the prescribed concentration of NO 2 at altitude h and is usually provided by a 3-D chemical transport model. Our calculation includes the whole simulated tropospheric column. As mentioned in section 2.3, we assign a well-mixed lowest 300 m in the 1-D simulation. We will briefly discuss in section 3.5 how the gradient in the lowest 300 m affect the AMF calculation. In addition, because the upper troposphere is not sampled in the DISCOVER-AQ 2011 data, the calculation does not include information about the tropospheric lightning NO x ; thus, it is a low-end estimate of the AMF. The altitude-dependent AMF, amf h , is calculated with the Doubling Adding KNMI (DAK) version 2 model [Boersma et al., 2011] . The WRF meteorological parameters are used for the DAK model. Surface albedo is assigned as 0.05. For the simplicity of comparison, we also assume a nadir view of the hypothetical satellite and the solar zenith and azimuth angle to be 22°and 0°, respectively.
Based on simulated NO 2 vertical profiles, we calculate the AMF for each individual profiles (AMF ind ) and the AMF for site-average and campaign average vertical profiles (AMF avg ). The difference between AMF ind and AMF avg provides information on how the temporal variation in vertical profiles impacts NO 2 column retrievals. To explore the contribution of BL stability to the temporal variability, we calculate the AMF for each profile category. Figure 1a shows good agreement (within 20%) between the observed and simulated median vertical profiles of NO x . Table 3 summarizes the statistics of model-observation comparison for each vertical profile category using varied BL and land-surface schemes. Since the aircraft sampling during DISCOVER-AQ 2011 was usually conducted in daytime with no significant cloud cover reported, a well-developed BL is expected. In fact, the average BL height during aircraft sampling is 1.4 km (standard deviation 0.5 km). However, to the contrary of what a well-mixed BL would suggest, both the observations and model simulations show a substantial vertical gradient of NO x . The median concentration of NO x decreases from 1.5 ppbv at~300 m to 0.4 ppbv at the average BL height during the campaign (1.4 km), a 70% concentration decrease in 1.1 km. A closer examination of individual NO x vertical profile affirms the prevailing negative gradient of NO x in the BL during the campaign. The magnitude of the gradient, however, varies greatly from profile to profile (Figure 2a ).
Results and Discussion
NO x Vertical Profiles
Although not dedicated to the vertical gradient of NO x in the BL, a few previous studies trying to link column tropospheric NO 2 to surface concentration hinted at the effects of the vertical gradient [Petritoli et al., 2004; Knepp et al., 2013] . Assuming a well-mixed BL, these studies derived surface NO 2 (C derived ) from dividing column NO 2 measurements by BL height and compared C derived to surface measurements (C measured ). Regression analysis (C derived = a, C measured + b) showed that the slope, a, is always less than one, indicating that column-derived surface NO 2 tends to underestimate particularly in the summer when NO x is assumed to be well mixed in the BL. Figure 2a shows that the relationship between the BL NO x gradient and BL stability (i.e., potential temperature (θ) gradient) has roughly three regimes. When the BL is in the turbulent regime (∂θ/∂z < 0.1 K/km), NO x is well mixed; when the BL is in the stable regime (∂θ/∂z > 1 K/km), the magnitude of the NO x gradient in the BL is largest (median gradient at~À3 ppbv/km); most interestingly, when the BL is in the transitional regime (0.1 K/km < ∂θ/∂z < 1 K/km), the vertical gradient of NO x in the BL appears to be highly sensitive to BL stability (or θ gradient). Based on this observation, we define in section 2.2 the criteria for turbulent, neutral, and stable categories. The predominance of the deep and neutral category (Table 1) implies that even when the BL is well developed, it is common that the atmosphere is in the neutral or transitional regime, in which the vertical gradient of NO x is sensitive to BL stability.
Sensitivity of NO x Gradient to BL Stability
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The vertical gradient over a homogeneous region is largely a result of the competition between chemical loss and turbulent mixing. While chemical loss is determined by the chemical property of the species of interest and the photochemical environment (i.e., abundance of radiation and the other reactants in the loss reactions), turbulent mixing is a function of BL stability. Qualitatively, for a surface-emitted species, fast (slow) chemical loss and slow (fast) vertical mixing contribute to a large (small) vertical gradient. In Figure 2b , we show average chemical lifetime (τ c ) and turbulent mixing time (τ m ) as a function of altitude for all categorized profiles and each profile category. Consistent with previous studies conducted during the summer over the eastern U.S. [Spicer, 1982; Sillman, 2000] , τ c for NO x during DISCOVER-AQ 2011 is 2-5 h throughout the BL, in deep and neutral and deep and turbulent cases, two dominant categories. In the stable case, τ c is slightly longer (6-9 h), likely due to cloud cover and hence reduced chemical loss. Our calculation shows that the chemical time scales of NO x and mixing time scales are on the same order of magnitude in the bulk of the BL, consistent with the observation that the BL NO x gradient is sensitive to BL stability (Figure 2a) . The vertical extent of comparable chemical and mixing time scales is much deeper in turbulent and neutral than stable cases, resulting in the observed different NO x vertical profiles among the categories during the campaign. The difference is mainly attributable to that in BL stability (τ m ) rather than photochemical lifetime (τ c ).
Figure 2b also contrasts NO x with other species such as isoprene and carbon monoxide (CO). Average τ c for isoprene is less than an hour, faster than τ m in the BL, and thus results in a vertical profile with strong gradient in the BL ( Figure S2b in the supporting information). On the other hand, average τ c for CO is about a week, much longer than τ m , allowing a relatively well-mixed vertical profile in the BL ( Figure S2f in the supporting information). However, for long-lived species such as CO, in most cases, advection is also a nonnegligible factor that 
Impact of BL and Land-Surface Schemes on NO x Vertical Profiles
The simulation of vertical profiles depends on model representations of vertical mixing. In the 1-D REAM, vertical mixing is driven by the WRF-generated parameters such as turbulent diffusivity, which is computed by BL and land-surface schemes in WRF. A number of studies compared the performance of these WRF schemes in terms of meteorological parameters such as temperature and humidity [Gilliam and Pleim, 2010; Hu et al., 2010; Shin and Hong, 2011; Xie et al., 2012] , but few evaluated their influence on chemical tracers [Yerramilli et al., 2010; Pleim, 2011] . To test how the choices of BL and land-surface schemes impact vertical mixing in the 1-D REAM, we choose three BL schemes (MYJ, YSU, and ACM2) and two land-surface schemes (Noah and RUC) in WRF and evaluate their performance with the DISCOVER-AQ 2011 observations. Figures 1b-1e show the comparison of simulated median vertical profile using aforementioned BL schemes with observations. The simulated median vertical profiles are within 30% of the observations for varied categories. Statistics for model performance of simulated NO x mixing ratios for individual vertical profiles, including bias, linear correlation coefficient, and root-mean-squared error (RMSE), are summarized in Table 3 . In general, all these schemes are able to generate mixing parameters that result in reasonable agreement with observations. However, the performance of the BL schemes differs among profile categories. For the deep and turbulent category, YSU performs better than MYJ and ACM2 because YSU generates more mixing in the BL than the other two. For deep and neutral and medium and neutral categories, while MYJ produces the least mean bias, ACM2 performs best in terms of correlation and RMSE. Both schemes outperform YSU, which overestimates vertical mixing for the neutral categories. For the stable category, ACM2 performs best among the three schemes.
It is noteworthy that Pleim [2011] points out that the formulation of YSU is inherently inconsistent between meteorological and chemical tracers. As a result, despite YSU being a nonlocal scheme, its implementation in the 1-D REAM only utilizes the vertical diffusion coefficient generated from WRF. This inconsistency may cause more BL mixing with the YSU scheme in our test. On the other hand, although the inclusion of nonlocal terms in ACM2 does enhance vertical mixing relative to the local scheme MYJ, ACM2 still seems to underestimate in turbulent cases. Unlike BL schemes, two land-surface schemes result in negligible difference in performance for all profile categories (Table 3) . It is also noteworthy that the 1-D REAM well constrains local NO x emissions by specifying observed concentrations at~300 m. For 3-D chemical transport models, however, in addition to the BL and land-surface schemes, other factors such as emissions and model resolutions also contribute to shaping the vertical NO x profiles [Huijnen et al., 2010] .
In summary, we find that while YSU outperforms the other two schemes for the deep and turbulent category, ACM2 has the best overall performance, including the most dominant category, deep and neutral, during DISCOVER-AQ 2011. We also find that two land-surface schemes result in small differences in performance. Based on these results, we recommend the use of the ACM2 BL scheme and the Noah or RUC land-surface scheme in WRF simulations for air pollution modeling.
BL-Averaged Ozone Production Rate
The net ozone production rate, P(O 3 ), calculated as the sum of reaction rates of NO with HO 2 and organic RO 2 (see section 2.4 for details), quantifies how fast the in situ chemical production of ozone occurs. The calculation of P(O 3 ) is required in the diagnosis of the ozone production regime [Liu et al., 2012a] . Many studies report surface P(O 3 ) based on ground level measurements [e.g., Ren, 2003; Shirley et al., 2006; Kanaya et al., 2008] . However, in principle, because of a relatively long lifetime of ozone, BL-averaged ozone production rate, P(O 3 ) BL , is a more appropriate quantity to characterize the contribution of local chemistry to the surface concentration of ozone. In this regard, the ozone production rate derived from surface measurements, P(O 3 ) surf , can be biased high or low relative to P(O 3 ) BL if a gradient of P(O 3 ) exists in the BL. Using the 1-D REAM, Liu et al. [2012a] found that the P(O 3 ) BL is about a factor of 4 lower than surface P(O 3 ) surf in highly polluted (high NO x and high VOC) urban Beijing and the authors attributed it to the large gradient of NO x in the BL. In this work, with aircraft measurements providing much more information to constrain the model, we derive vertical profiles of P(O 3 ) and assess the uncertainty of P(O 3 ) BL .
Journal of Geophysical Research: Atmospheres 10.1002/2015JD024203 Figure 3 shows that P(O 3 ) has a substantial gradient within the BL. The campaign median decreases from 10.5 ppbv/h at 300 m to 3 ppbv/h at 1.5 km. P(O 3 ) of 10 ppbv/h near the surface is comparable to previous studies conducted in U.S. urban regions [e.g., Ren, 2003; Kleinman et al., 2005; Cazorla et al., 2012; Ren et al., 2013] . The analysis also shows that ozone is produced mainly through the reaction of HO 2 + NO (~80%) with minor contribution from organic RO 2 + NO reactions ( Figure S3a in the supporting information). In contrast to NO x , which decreases by 70% in the BL (section 3.1), Figure  S3b in the supporting information shows that HO 2 varies slightly from 300 m to 1.5 km (<10%). Therefore, we conclude that the gradient of P (O 3 ) in the BL results primarily from the gradient of NO x rather than that of HO 2 or RO 2 , which is consistent with Liu et al. [2012a] . In addition, we find that the vertical profiles of the net ozone production rate, N(O 3 ), are similar to those of P(O 3 ) because the ozone chemical loss rate during the campaign is relatively small ( Figure S4 ).
To assess the bias induced from approximating P(O 3 ) BL as P(O 3 ) surf , we calculate the relative difference between the P(O 3 ) BL and P(O 3 ) at 300 m. The latter is a proxy for P(O 3 ) surf because we do not have true surface measurements from aircraft. As shown in Figure 3 , P(O 3 ) at 300 m is on average 48% larger than P(O 3 ) BL , which is close to the value of 46% for the deep and neutral category. The relative bias becomes larger as the BL gets more stable and shallower, from 21% for the deep and turbulent category to 62% for the medium and neutral category. We also find that the relative bias between N(O 3 ) BL and N(O 3 ) at 300 m is about 39%, varying from 12% for the deep and turbulent category to 55% for the stable category ( Figure S4 ).
Tropospheric NO 2 Column Retrievals
Retrievals of tropospheric NO 2 columns from satellite measurements require calculation of the AMF [Boersma et al., 2011] . Estimates in previous studies suggest that the uncertainty in the simulated a priori NO 2 vertical profiles leads to a 5%-15% uncertainty in the calculated AMF [Hains et al., 2010; Boersma et al., 2011; Lin et al., 2014] . Various studies have been devoted to investigate how the uncertainties of NO 2 retrievals are affected by the a priori NO 2 vertical profile. While a great number of studies [e.g., Eskes and Boersma, 2003; Boersma et al., 2011; Russell et al., 2011; Heckel et al., 2011] discuss the impact of the model spatial resolution on NO 2 retrievals, only a few studies have examined the impact of temporal resolution [Lamsal et al., 2011; Heckel et al., 2011] . However, different retrieval algorithms sample simulated vertical profiles at varied temporal resolutions, ranging from daily [e.g., Boersma et al., 2007] , monthly [e.g., Russell et al., 2011; Valks et al., 2011] , to annually [e.g., Bucsela et al., 2006] . In this section, we use the aircraft measurements during DISCOVER-AQ 2011 to assess the impact of variability in NO 2 vertical profiles on the calculation of the AMF. Figure 4a shows the relative difference of AMF between individual (AMF ind ) and average (AMF avg ) vertical profiles at various sites. Under the DISCOVER-AQ 2011 conditions, on average, using the campaign average vertical profiles causes~2-5% low bias. Additionally, the deviation of individual profiles from the average profile results in about ±5% difference at all sites between AMF ind and AMF avg (the boxes in Figure 4a denote the interquartile relative difference) and even larger difference for particular vertical profiles (the triangles in Figure 4a denote the largest positive or negative relative difference). We suggest that one should take into account this uncertainty in temporal variability along with that in the horizontal resolution when developing and/or evaluating an NO 2 retrieval algorithm.
The statistics shown in Figure 4a are quite consistent across all the sites, indicating that the variability in the AMF can be largely attributed to variability in the mixing property of the BL rather than spatial inhomogeneity. Figure 4b shows that the AMF tends to decrease as the NO 2 gradient becomes sharper in a shallower and more stable BL. The AMFs computed from the average vertical profile for deep and turbulent (0.80), deep and neutral (0.76), medium and neutral (0.75), and stable (0.73) categories are 3.6%, À1.0%, À2.9%, and À5.6% different from that computed from the AMF avg (0.77), respectively. This result shows that the difference in the BL category explains~5% variability from the AMF avg , supporting the idea that the mixing property of the BL is primarily responsible for the variability of AMF observed in Figure 4a .
In the above calculation of the AMF, we assume a well-mixed profile for the lowest 300 m. To test the sensitivity of the AMF to the near-surface gradient, we also extrapolate the vertical profiles to the surface with the NO x gradient in the BL and compute the corresponding AMF. The reduction in the AMF resulting from the linear gradient in the lowest 300 m is about 1%, with interquartile range 0.5%-2%. The difference will be more significant if the gradient near the surface is even greater than the bulk BL over the strong source region, as reported previously by some 3-D models [Huijnen et al., 2010; Boersma et al., 2011] . Measurements of the lowest few hundred meters in future field experiments will be useful to further reduce the uncertainty of NO x vertical profile in the AMF calculation.
Conclusions
During DISCOVER-AQ 2011, we find frequent occurrences of significant NO x gradients within the BL, suggesting that the well-mixed BL assumption must be applied cautiously to BL NO x . The median vertical profile derived from aircraft spirals shows that NO x concentration decreases by~70% from 300 m to 1.4 km. The observed vertical profiles of NO x can generally be reproduced by our 1-D photochemical model driven by WRF-generated meteorological fields. Analysis of the model results shows that the chemical lifetime of NO x is comparable to the vertical mixing time scale in the BL, resulting in the observed sensitivity of NO x gradient to BL stability.
Model simulations using different BL and land-surface schemes in WRF found no significant impact on the 1-D model results. All of the three boundary layer schemes (MYJ, YSU, and ACM2) were able to generate a reasonable representation of the vertical mixing under DISCOVER-AQ 2011 conditions. Nonlocal schemes, ACM2 and YSU, moderately improved performance in a turbulent BL, but the YSU scheme tends to overestimate in neutral and stable cases. Using two land-surface schemes (Noah and RUC) resulted in little difference in simulated NO x vertical profiles.
The gradient of NO x in the BL can confound the extrapolation of surface measurements to the entire BL. For example, using surface measurements in calculating the ozone production rate in the BL without considering the NO x gradient can result in a~45% high bias. In addition, since satellite retrieval of column density utilizes a priori vertical profiles, the model skill to reproduce a realistic vertical profile of NO x also affects our ability to correctly retrieve tropospheric NO 2 column from satellite measurements. Both spatial and temporal (interday) variations of BL NO x vertical profiles affect the accuracy of the retrievals.
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In this study, we have focused on understanding the vertical profiles of NO x observed in July 2011 over Washington-Baltimore region during the DISCOVER-AQ campaign. However, we expect that the large gradient of NO x within the BL is not uncommon. More vertically resolved observations using aircraft, tethered balloon, and remote sensing techniques in other seasons and locations are necessary to understand the implications of BL NO x gradients on various applications of surface and satellite measurements in air quality studies. In addition, all the results presented here are based on aircraft measurements at least~300 m above ground. Reliable profile measurements in the lowest few hundred meters are also an important area of future field experiments targeting air quality.
